Although previous studies have suggested a depression of myofibrillar ATPase in the presence of heart failure, their interpretation has been limited by failure to exclude mitochondrial contamination and lack of information regarding the contractility of the tissue studied. To explore this fundamental question, myofibrils were prepared from the right and left ventricles of 15 normal cats, 10 cats with right ventricular hypertrophy and 19 with right ventricular hypertrophy and right ventricular failure, the latter groups following graded pulmonary artery stenosis. The contractility of these hearts was assessed using their right ventricular papillary muscles isolated in a myograph. Myofibrillar ATPase in all groups was maximally activated by 5 mM ATP, 5 ITIM MgCl 2 at pH 7.0 and 37°C, while mitochondrial contamination was eliminated by sodium azide. In right ventricular failure, right ventricular myofibrillar ATPase was depressed by 39% from an average of 0.18 ±0.01 in normal cats to 0.11 ±0.01 jujnole inorganic phosphate/mg protein per min (P<.001). In right ventricular hypertrophy, right ventricular myofibrillar ATPase was not significantly depressed (0.16 ± 0.01 yttmole/mg per min). Of note, left ventricular myofibrillar ATPase was also significantly (P<.05) depressed in right ventricular failure from 0.16 ±0.01 to 0.13 ±0.01 yumole/mg per min. Contractility of the associated right ventricular papillary muscles, expressed as maximum rate of force development at the apex of the length-active tension curve, was correlated with myofibrillar ATPase activity.
ADDITIONAL KEY WORDS left ventricle sodium azide force-velocity right ventricular hypertrophy cats • The release of energy from adenosine triphosphate (ATP) in the contractile process is known to be controlled by a specific ATPase within the myofibril, and the rate of energy release may be related to the activity of this enzyme. The studies of mechanics and energy by A. V. Hill have suggested that there is an intimate relation between the rate of energy release and the intrinsic velocity of muscle contraction (1) . An extension of these concepts would imply that the ATPase From the Cardiology Branch, National Heart Institute, Bethesda, Maryland 20014.
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activity of the contractile proteins is tightly coupled to the mechanical interactions which are responsible for the intrinsic velocity of muscle contraction, and in fact, this correlation has been demonstrated in striated muscle (2) . Since the contractility (intrinsic velocity or V mox ) of cardiac muscle is clearly depressed in heart failure, a corresponding alteration in the ATPase activity of the contractile proteins of this muscle-might be anticipated. However, studies relating to this issue have given conflicting results. of glycerinated fibers from the failing hearts, the ATPase activity of these preparations was not altered. On the other hand, Alpert and Gordon (4) and Gordon and Brown (5) found depressions of myofibrillar ATPase in some forms of heart failure. In these latter studies it might be expected that the depressions of myofibrillar ATPase activity were associated with depressed contractility, although this relation was not explored.
More recently, it has been shown that cardiac myofibrillar preparations contain ATPase activity that is not associated with the contractile proteins and which accounts for as much as 40% of the total Mg 2 + -activated ATPase activity (6) . This contaminating ATPase activity may be readily abolished by sodium azide, thus indicating that it is of mitochondrial origin (7) . Furthermore, once this activity has been removed, the remaining ATPase activity closely resembles that of actomyosin ATPase (6) . Indeed, the failure to account for mitochondrial contamination may limit the specific interpretation of previous studies.
To assess the relationship between myofibrillar ATPase activity and the depressed contractility found in heart failure, the following are required: (1) a reproducible preparation with definite myocardial failure;
(2) a characterization of the enzyme system with the elimination of nonmyofibrillar ATPase; and (3) an appropriate measure of the intrinsic contractile properties of the tissue investigated.
In the present study either right ventricular failure or right ventricular hypertrophy was produced by graded pulmonary artery stenosis in the cat. ATPase activity of myofibrils from the ventricles of these cats was compared with that found in ventricles of normal cats, while the contribution of mitochondrial contamination was eliminated by the addition of sodium azide. Along with these biochemical determinations, the mechanical properties of papillary muscles from the right ventricles of these cats were studied.
Methods

PRODUCTION OF VENTRICULAR HYPERTROPHY AND FAILURE
Fifteen right ventricles and 10 left ventricles were obtained from normal adult cats (2.0 to 3.2 kg) anesthetized with sodium pentobarbital (25 mg/kg) ip. In addition, 19 right ventricles and 11 left ventricles were obtained from cats in right ventricular failure produced by chronic constriction of the pulmonary artery (2.8-mm diameter clip) by methods previously described (8) . With this degree of pulmonary artery constriction, right ventricular failure has been demonstrated (8) , and it has been documented in the present study using a scale of 10 points, with 5 points necessary for classification in the failure group as follows: hydrothorax (2 points), ascites (3), hepatic congestion (2), right ventricle/left ventricle (RV/ LV) weight ratio > 0.50 (2) and severely depressed in vitro function of the papillary muscle (maximum rate of force development less than 10 g/sec per mm 2 (2) . A review of the animals selected by these criteria showed that impaired muscle function, marked right ventricular hypertrophy, and chronic passive congestion were always present in the failure group. The RV/LV weight ratio averaeed 0.67 ± 0.03 (SE) (normal = 0.24 ±0.01). Finally 10 right ventricles were obtained from cats with a 3.5-mm diameter clip placed around the pulmonary artery. These cats, while clearly having right ventricular hypertrophy (RV/LV = 0.49 ±.03), had no evidence of heart failure. Animals were killed 25 to 60 days after pulmonary artery constriction.
MECHANICAL MEASUREMENTS OF CONTRACTILE PROPERTIES
Papillary muscles were obtained from the right ventricles of cats in all three groups and isolated in a myograph containing Krebs solution. The base of each muscle was held by a spring-loaded clip while the upper tendinous end was securely fastened by a short length of 4-0 braided silk suture to a force transducer. The Krebs solution was continuously aerated with 95% O 2 -5% CO 2 via a sintered glass gas dispersion tube, and the muscle bath was kept at constant temperature (26°C). Muscles were stimulated directly by platinum wires on the inner surfaces of the attachment clip. Square wave pulses of 3-msec duration at a rate of 12/min with a voltage 10% above threshold were employed.
After 30 min of equilibration at low resting tensions, muscles were increased in length to the apex of their length-active tension curves. After 30 min the mechanical properties of each muscle were assessed. Two mechanical variables were measured: (1) the maximum isometric force of contraction (P o ); and (2) the maximum rate of force development (dp/dt), both corrected for cross-sectional area. Cross-sectional area of the muscles was determined by dividing their weight by measured length at the apex of the lengthactive tension curve. In a separate group of 26 papillary muscles, studied for other purposes, but including muscles removed from normal cats, cats with hypertrophy and cats with heart failure, the intrinsic velocity of contraction (V mas ) was measured by extrapolation to zero load of the relation between load and velocity of shortening. V max was then correlated with dp/dt from isometric contractions of these same muscles.
PREPARATION OF MYOFIBRILS
Myofibrils were prepared by a modification of the method of Perry and Grey (9) . Ventricular muscle was minced with scissors, passed through a tissue press (0.7-mm diameter pores) and homogenized in 30 volumes of 0.32 M sucrose. The homogenate was then filtered through a thin wire stainless steel sieve (80 mesh) to remove any large particles. Centrifugation at 50 X g for 2 min was performed, and the supernatant fraction was centrifuged five times at 500 X g for 20 min with resuspension of the precipitate in 0.32 M sucrose following each centrifugation. After another centrifugation at 50 X g for 2 min, the supernatant fraction was removed and centrifuged for 20 min at 500 X g. The final precipitate was placed in 0.177 M Tris-HCl 1 (tris hydroxymethylaminomethane), stored overnight at 0°C, and assayed the following day. All preparations were begun immediately after the animal was killed, and all assays were performed within 24 hr.
ASSAYS
Myofibrils were incubated in centrifuge tubes for 5 min at 37°C in 0.177 M Tris-HCl, pH 7.0, with the appropriate concentration of Mg-+ or Ca-+ in a total volume of 3 ml.-The reaction was begun with the addition of ATP and allowed to continue, with constant stirring, for 5 min. All reactions were carried out in the presence of 5 min sodium azide unless otherwise noted. The reaction was stopped by the addition of 1 ml of 1.5 M perchloric acid. The centrifuge tubes were plunged into ice and centrifuged at 50,000 X g for 10 min at 0°C. The supernatant fraction was removed and assayed for inorganic phosphate iTRIZMA = 7.42, Sigma Chemical Co. -Deionized distilled water was used throughout and stated ion concentrations refer to added amounts rather than calculated activities. Phase contrast photomicrograph of a myofibrillar preparation typical of those from normal, hypertrophied or failing hearts (1000 x magnification).
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(PJ. The precipitate was allowed to dry and assayed for protein.
Pi was determined spectrophotometrically by the Furchgott and De Gubareff (10) modification of the Fiske and SubbaRow method (11) . Protein was determined by the Lowry method (12), with bovine serum albumin as standard. Preparations of myofibrils contained 0.4 to 0.8 mg protein/ml solution. With each assay a solution containing Tris-HCl, Mg 2 + and ATP, without myofibrils, was treated in the same manner as described above. The small amount of Pj liberated under these conditions was determined and subtracted from the total amount liberated in the presence of myofibrils.
ATPase activity is expressed as jumoles of P, per milligram of protein per minute at 37°C at pH 7.0 (ionic strength =.15, osmolarity =.31). Myofibrils were inspected periodically during preparation under phase contrast microscopy to insure morphologic reproducibility of the final preparation ( Fig. 1) .
Results
Of the 22 cats in which the pulmonary arteries were constricted with a 2.8-mm diameter clip, 19 fulfilled the criteria for heart failure. Of the 10 cats that had their pulmonary arteries constricted by a 3.5-mm clip, all had evidence of marked ventricular hypertrophy and none showed evidence of overt heart failure. 
COMPARISON OF NORMAL AND FAILING MYOFIBRILLAR ATPase ACTIVITY
When myofibrils from normal and failing hearts and those with right ventricular hypertrophy were inspected under phase contrast microscopy, no differences in the quality or quantity of the preparation could be detected.
Initially, the total ATPase activity of myofibrillar preparations from normal and failing right ventricles was evaluated in the presence of various concentrations of Mg 2+ and ATP. These determinations were made without adding sodium azide. As shown by others (4, 9) , and as seen in Figure 2 , maximum ATPase activity occurred at equimolar concentrations of Mg 2 + and ATP. A similar relationship was seen in the presence of heart failure. At all concentrations of Mg 2 + , myofibrillar ATPase activity of the failing preparation was significantly reduced (P < .01) (Fig. 2) . When sodium azide was added to similar preparations it was confirmed that peak activity also occurred at equimolar concentrations of Mg 2+ and ATP. The further addition of Ca 2+ up to 10~5M, in the presence of 5 mM Mg 2 + , caused only minor Table 1 ). In 10 of the 15 normal hearts and in 11 of the 19 hearts with right ventricular failure, the myofibrillar ATPase activity of the left ventricle was also studied. This activity averaged 0.16 ±0.01 fimole/mg per min in myofibrils from normal left ventricles and was 0.13 ± 0.01 /xmole/mg per min in the presence of right ventricular failure ( Fig. 3B , Table 1 ) (P<.05). Further, myofibrillar ATPase activity in the left ventricle was lowest in those hearts in which the right ventricular myofibrillar ATPase activity was lowest (Table 1 ).
RIGHT VENTRICULAR HYPERTROPHY
In 10 cats with right ventricular hypertrophy without evidence of failure (3.5-mm diameter clip) myofibrillar ATPase activity from the right ventricle averaged 0.16 ± 0.01 /Amole/mg per min. This value was not significantly different from the normal value of 0.18 ± 0.01 |U,moJe/mg per min (P < . 10) (Fig.  3A , Table 1 ).
RELATION OF MYOFIBRILLAR ATPase ACTIVITY TO MECHANICAL PERFORMANCE
When the mechanical activity of the muscles from the three groups was analyzed as a function of ATPase activity, it was apparent that a general relation existed between either dp/dt or P o and ATPase activity (Fig. 4, A  and B ). Normal muscles had an average dp/ dt of 25.9 ± 2.6 g/sec per mm 2 and a P o of 7.1 ± 0.5 g/mm 2 with an average ATPase activity of 0.18 ± 0.01 /Ltmole/mg per min following sodium azide addition, while failing muscles had an average dp/dt of 3.3 ± 1.3 g/sec per mm 2 and a P o of 1.3 ± 0.3 g/mm 2 with an ATPase activity of 0.11 ± 0.01 /xmole /mg per min. The muscles from cats with right ventricular hypertrophy had intermediate values of P o , dp/dt and ATPase activity ( Table 1 ).
• Discussion
The results of the present study lend support to the view that severe experimental heart failure is associated with a significant depression (39%) of cardiac myofibrillar ATPase activity. In the presence of hypertrophy without overt hemodynamic failure, a 40 30 dp/dt g/sec per mm 2 Vmax -muscle lengths/sec
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FIGURE 5
Maximum rate of force development (dp/dt) as a function of intrinsic velocity of contraction (V max ) ' " isolated papillary muscles from normal, hypertrophied and failing right ventricles.
small depression of this activity was also present which, however, was not statistically significant. In addition, it was evident that this depression of myofibrillar ATPase activity could be correlated generally with the depression of intrinsic contractility found in hypertrophy and heart failure. The possibility that a lesion in the contractile proteins exists in myocardial failure has been entertained for a number of years. Glycerinated fibers (3) and actomyosin threads (13) from failing heart muscle, activated by exogenous ATP, have been shown to have depressed contractile function. However, in one study the associated myofibrillar Circulation Research, Vol. XXI, November 1967 ATPase activity of the preparation was evaluated and was found to be normal (3) . Nevertheless, Alpert and Gordon (4) found depressions of ATPase activity in cardiac myofibrils isolated from failing human left ventricles obtained after death. One factor which has limited interpretation of this study is that failing hearts from elderly patients were compared with those of young controls. Further, Gordon and Brown (5) reported depression of left ventricular myofibrillar ATPase activity in the presence of left ventricular failure, but did not find this relation in right ventricular muscle from patients with right ventricular failure. In contrast, Nebel Cat no. 16 Maximum rate of force development (dp/dt) as a function of intrinsic velocity of contraction (V max ) in isolated papillary muscles from normal, hypertrophied and failing right ventricles.
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ATPase activity of the preparation was evaluated and was found to be normal (3). Nevertheless, Alpert and Gordon (4) found depressions of ATPase activity in cardiac myofibrils isolated from failing human left ventricles obtained after death. One factor which has limited interpretation of this study is that failing hearts from elderly patients were compared with those of young controls. Further, Gordon and Brown (5) reported depression of left ventricular myofibrillar ATPase activity in the presence of left ventricular failure, but did not find this relation in right ventricular muscle from patients with right ventricular failure. In contrast, Nebel and Bing (14) found a slight increase in myosin ATPase activity in failing human hearts when compared to normals. In a preliminary communication, Luchi and Kritcher have shown that the ATPase associated with myosin A is slightly depressed in the left ventricles of dogs with spontaneous mitral valve insufficiency, but again the contractility of these hearts was not reported (15) .
The present study adds support to the view that enzymatic activity associated with the contractile process is depressed in myocardial failure. Further it provides the clear advantage of a reproducible preparation of myocardial failure in which associated myocardial mechanics can also be evaluated. In the myofibrillar preparation, the effect of mitochondrial contamination has been eliminated, and the characteristics of the resultant preparation have been shown to be highly reproducible.
The determination of myofibrillar ATPase activity in the presence of varying concentrations of Mg 2+ and Ca 2+ suggests that the depression of myofibrillar ATPase activity found in heart failure cannot be attributed to differences in sensitivity of myofibrillar ATPase to the activating effects of these ions.
The unexpected depression of left ventricular myofibrillar ATPase in the presence of right ventricular overloading and failure cannot be explained at this time. It does indicate, however, that the left ventricle is not immune to the effects of primary right ventricular failure, as has been demonstrated both hemodynamically and biochemically in the past (16) (17) (18) (19) .
In the present study a general relation between dp/dt and myofibrillar ATPase activity has been demonstrated in normal, hypertrophied and failing hearts (Fig. 4A ). It is of interest that Barany et al. have found a good correlation between speed of shortening and actomyosin ATPase activity in skeletal muscles with greatly varying speeds of contraction (2) since actomyosin ATPase is probably the active moiety of myofibrillar ATPase. A similar relation for heart muscle may be suggested under these circumstances since it has been found that dp/dt and V max are well correlated in normal, hypertrophied and failing muscles (Fig. 5) .
The fact that dp/dt and myofibrillar ATPase are not correlated in a simple linear fashion might suggest that other factors are involved. Indeed, it would appear from the negative intercept of this relation that residual activity not directly related to force generation may be present (Fig. 4A ). Nevertheless, it seems that the decrement in intrinsic speed of contraction of heart muscle in the presence of myocardial failure may have a biochemical basis in a decrease in myofibrillar ATPase activity.
